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Abstract

diseases.

Various beneficial biological activities of inorganic nitrate have been revealed in recent decades. Oral bacteria can
reduce nitrate to nitrite, which is further reduced to nitric oxide (NO) in the body; this process is known as the
nitrate-nitrite-NO pathway. Sialin is a mammalian membrane nitrate transporter that transports nitrate to the salivary
glands and secretes it into the oral cavity through the saliva. Recent studies have indicated that nitrate has a
protective effect on the salivary glands and other organs by regulating the expression of sialin and maintaining
microbial homeostasis. Through the nitrate-nitrite-NO pathway, nitrate can act as a reservoir of NO in vivo and
perform a variety of NO-like bioactivities, such as promoting exercise performance, protecting the digestive system,
lowering blood pressure, and assisting in tumor treatment. This paper reviews the sources, functions, and possible
mechanisms of inorganic nitrate, and discusses the protective role that nitrate promises to play in health and
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1 Introduction

Nitrate is an inorganic anion widely distributed in nature
(Gassara et al., 2016). Historically, nitrate was considered
an inert, metabolic end product of nitric oxide (NO).
However, in recent decades, the biological activity of ni-
trate as a natural dietary nutrient has been widely stud-
ied. The application of nitrate as a medicine can be
traced back to ancient China in the eighth century AD,
when a manuscript from Mogao Grottoes documented
the use of nitrate in the treatment of acute cardiovascu-
lar diseases (Lundberg et al., 2008). In the early twenti-
eth century, bismuth nitrate was utilized for the
treatment of peptic ulcer disease and diarrhea. Interest-
ingly, doctors at the time found that high doses of ni-
trate were associated with a side effect of lowering blood
pressure, suggesting that inorganic nitrates might play a
role in treating hypertension (Gorbach, 1990). Later, it
was discovered that nitrate could be reduced by bacteria,
and the nitrate-nitrite-NO pathway was proposed (Kapil
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et al,, 2020). With further research, various other func-
tions of nitrate have been discovered. This review sum-
marizes the protective roles of inorganic nitrate in
health and disease.

2 Nitrate sources and metabolism
Nitrate is widely distributed in the natural environment,
including in food, water, air, and soil (Lundberg et al.,
2008). Nitrate exists abundantly in different organs of
the human body. The nitrate level in the plasma is usu-
ally in the range of about 20 to 40 pmol/L. The mean
concentrations of nitrate in saliva and urine of healthy
individuals are on the scale of millimole per liter. High
concentrations of nitrate are also present in organs such
as the heart, liver, and muscle (Lundberg & Govoni,
2004; Xia et al., 2003). There are two sources of nitrate
in the human body: endogenous and exogenous sources.
The endogenous source of nitrate is the oxidation of
NO. The human body uses the classical NO synthesis
pathway, where nitric oxide synthase (NOS) acts on L-
arginine and molecular oxygen to synthesize NO (Lund-
berg et al., 2008). There are three isoforms of NOS: in-
ducible NOS (iNOS or NOS-2), neuronal NOS (nNOS

© The Author(s). 2022 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1007/s44194-022-00002-1&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:slwang@ccmu.edu.cn

Qin and Wang Current Medicine (2022) 1:4

or NOS-1), and endothelial NOS (eNOS or NOS-3),
each of which affects different locations and conditions.
nNOS and eNOS are collectively called constitutive
NOS (cNOS), which exists persistently in a healthy body.
In response to physical or receptor stimulation, cNOS
produces a limited quantity of NO (Iwata et al., 2020).
In healthy people, daily synthesis of endogenous nitrate
of up to 0.5 to 1 mmol occurs, which amounts to 25% of
the total nitrate in the human body (Green et al., 1981).
In contrast, in patients with systemic inflammatory dis-
orders such as sepsis and severe gastroenteritis, iNOS is
highly induced, and NO levels are remarkably increased
(Crawford et al., 2004). NO can be spontaneously or
catalytically oxidized to nitrite by the multi-copper oxi-
dase and NO oxidase ceruloplasmin in the plasma (Shiva
et al., 2006). Furthermore, NO and nitrite can rapidly
react with oxyhemoglobin to produce nitrate and
methemoglobin in the blood (Moncada & Higgs, 1993;
Weitzberg & Lundberg, 2013). NO has a short half-life
in the order of seconds. Nitrite also has a rather short
half-life; with a half-life of 110s, nitrite is quickly con-
verted to nitrate in the whole blood, whereas it is rela-
tively stable in the plasma with a half-life of 20—30 min
(Ma et al., 2018). Plasma nitrate has a long half-life of 6
h. Circulating plasma nitrate levels remained signifi-
cantly high 24 h after a single dose (Kapil et al,, 2010).

The exogenous source of nitrate is mainly the diet, espe-
cially vegetables. According to a database on the nitrate
content of vegetables, the median concentrations of ni-
trate vary from 12 mg/kg (corn) to 4240 mg/kg (Chinese
flat cabbage) (Blekkenhorst et al., 2017). Green leafy vege-
tables, such as spinach, lettuce, broccoli, and beetroot,
provide the most important supply of exogenous nitrate,
accounting for more than 80% of it. The World Health
Organization (WHO) recommends that a person should
consume 400 g of mixed vegetables (containing about 2.5
mmol nitrate) per day (Kapil et al., 2020). Some diets, such
as the Mediterranean diet and traditional Asian diet, pro-
vide more nitrate than other diets (Sobko et al., 2010). In
addition, drinking water and canned meat also contain ni-
trate, accounting for less than 20% of daily dietary intake
(Hord et al., 2009). Compared with endogenous sources,
diet is the main source of nitrate for people.

After a nitrate-rich diet, nitrate is rapidly absorbed in
the digestive tract and enters the systemic circulation.
Nitrate has almost 100% bioavailability because it does
not transform upon first-pass metabolism (van Velzen
et al,, 2008). An increase in plasma nitrate can be de-
tected within 15 min and reach a peak at around 30 to
60 min (McKnight et al, 1997). Following ingestion by
the digestive tract, approximately 25% of the nitrate in
the plasma is actively absorbed by the salivary glands
through sialin, a nitrate transporter. In addition, ap-
proximately two-thirds of the nitrate is excreted in the
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urine, and a small amount is excreted in the sweat and
feces. Elevated nitrate levels can be detected in the saliva
within 20 to 60 min of nitrate supplementation. Salivary
nitrate concentrations can reach 10-20 times higher
than plasma concentrations (Qin et al, 2012). The re-
uptake process is called the enterosalivary circulation of
nitrate (Duncan et al., 1995). In this process, the parotid
glands are the most important organs. Sialin, a trans-
membrane protein, also plays a significant role. Sialin is
highly expressed in the parotid gland, brain, liver, pan-
creas, kidney, and cardiovascular system, and it is most
abundantly expressed in the acinar cells of the parotid
gland (Qin et al, 2012). Nitrate transport into salivary
gland cells through sialin is the key step for the nitrate-
nitrite-NO pathway and maintenance of NO homeosta-
sis in the human body, which is important for health
and disease prevention (Lundberg, 2012) (Fig. 1).

High concentrations of salivary nitrate are partially re-
duced to nitrite and NO by oral bacteria. After swallow-
ing, nitrate and nitrite are reabsorbed into the blood via
the intestinal mucosa, and nitrite is either quickly oxi-
dized to nitrate in the peripheral blood or reduced to
NO (Jones et al, 2018; Lundberg et al, 2018). This
process is known as the nitrate-nitrite-NO pathway.
Through the nitrate-nitrite-NO pathway, nitrate is
thought to serve as a reservoir of NO in the body, per-
forming an NO-like function in a variety of physiological
and pathological conditions (Lundberg et al., 2008).

Nitrate reductase is deficient in humans and other
mammals. Xanthine oxidoreductase (XOR) is the only
known nitrate reductase in mammals. However, with a
nitrate-rich diet, the normal level of nitrite in the plasma
can be increased 4-5-fold (Ma et al.,, 2018). Nitrite is
present in saliva but does not exist in the salivary duct,
suggesting that oral bacteria might be involved in nitrate
reduction (Kapil et al, 2020). This idea was supported
by an experiment in which the use of an antibacterial
mouthwash dramatically reduced nitrite levels in saliva
(Tannenbaum et al., 1976). Various nitrate-reducing bac-
teria have been isolated from saliva, including Veillo-
nella, Lactobacillus, Micrococcus, Corynebacterium,
Propionibacterium, Neisseria, Actinomyces, commensal
Staphylococcus, and Rothia spp (Doel et al., 2005). These
bacteria are located in the deep crypts of the posterior
part of the tongue, where they use nitrate in their respir-
ation process and convert it into more reactive nitrites
(Ma et al., 2018). There are two main pathways in bac-
teria for reducing nitrate. One is dissimilatory nitrate re-
duction to ammonium (DNRA), and the other is
denitrification. The two pathways share a common ini-
tial step of reducing nitrate to nitrite by nitrate reduc-
tase. DNRA is a two-step reduction process that
converts nitrate to ammonium (NH,") by forming the
intermediate nitrite (NO,"), which is completed by the
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Fig. 1 Sources and metabolism of inorganic nitrate. There are two sources of nitrate in the human body: the endogenous production and the
exogenous intake. The endogenous source of nitrate is the oxidation of NO synthesized by NOS. The exogenous source of nitrate is mainly the
diet and green leafy vegetables take up more than 80% of the exogenous nitrate, in addition, drinking water and canned meat also contain
nitrate, accounting for less than 20% of daily dietary intake. After ingestion, approximately 25% of the nitrate in the plasma is actively absorbed
by the salivary glands. This process is also called entrosalivary circulation. Sialin, as a membrane transporter of nitrate, plays a significant role in
this process. In addition, approximately two-thirds of the nitrate is excreted in the urine, and a small amount is excreted in the sweat and feces.
Salivary nitrate is reduced to nitrite by nitrate-reducing-bacteria in oral cavity. The nitrite is then protonated into nitrous acid in stomach and
immediately decomposed to derive NO. The fraction part of nitrite is transported by the circulatory system and reduced to NO in the blood and

various systems, which process is well known as the nitrate-nitrite-NO pathway. Xanthine oxidoreductase (XOR) is the only nitrate reductase
found in humans and mammals. In contrast, there are a series of nitrite reductase in human body, including XOR, aldehyde oxidase (AO),
hemoglobin (Hb), myoglobin (Mb), cytochrome p450 (CYP450), complexes of the mitochondrial electron transport chain, vitamin C and even NOS

Nap/Nrf protein system where Nap is a cytosolic nitrate
reductase, and Nrf is a nitrite reductase (Pandey et al.,
2020; Sparacino-Watkins et al., 2014).

Salivary nitrite is then swallowed and protonated in
the acidic gastric environment, generating nitrous acid
(HNO,) and further decomposing to NO and other ni-
trogen oxides locally (Lundberg et al, 1994). The
remaining fraction of nitrite is systemically absorbed and
then reduced to NO in the blood and tissues. There are
various nitrite-reducing enzymes in different tissues, in-
cluding XOR, aldehyde oxidase (AO), hemoglobin, myo-
globin, cytochrome p450, complexes of the
mitochondrial electron transport chain, vitamin C, and
NOS (Kapil et al, 2020). Both XOR and AQO are
molybdenum-containing oxidases. XOR is widely distrib-
uted throughout the body, with the highest level of

expression in the liver (Linder et al., 1999). Using NADH
as the reducing substrate, XOR can reduce NO,™ to NO
at the molybdenum-binding site (Millar et al., 1998).
XOR activity is increased at low oxygen tensions and pH
values, demonstrating that XOR-mediated nitrite reduc-
tion may be a special case in ischemic situations, rather
than a regular response under normal conditions (pH
7.4, normoxia) (Li et al, 2004). This suggests that the
nitrate-nitrite-NO pathway is complementary to the
classical NO pathway in special conditions, such as hyp-
oxia and ischemia (Kapil et al., 2020) (Fig. 1).

3 Health-promotive functions of inorganic nitrate
3.1 Enhancing exercise performance

Exercise is often accompanied by a decrease in oxygen
and pH levels in the muscles, which promotes the
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nitrate-nitrite-NO pathway (Castello et al., 2006). There-
fore, the role of nitrate in exercise has received consider-
able attention. Nitrate supplementation significantly
reduced maximal oxygen consumption (VOjn,,) in
healthy volunteers under sub-maximum work rate (Lar-
sen et al., 2007). Moreover, no difference in the amount
of lactic acid in the blood was observed in this study,
suggesting that nitrate did not increase energy produc-
tion but enhanced muscle efficiency by improving the
utilization of oxygen. These results are surprising be-
cause the O,-cost of submaximal exercise is generally
fixed and is not affected by other interventions such as
physical age or health conditions (Suhr et al., 2013). This
groundbreaking finding sparked widespread interest in
nitrate, and numerous studies have since been con-
ducted to verify whether nitrate can improve athletic
performance. In a double-blind crossover experiment,
nitrate-rich beetroot juice and blackcurrant juice with
nearly zero nitrate content were administered to eight
healthy young men. Then, a series of moderate- and
high-intensity exercise tests were conducted over the
next few days. Interestingly, nitrate reduced O, uptake
during moderate-intensity exercise by 19% and delayed
the attainment of the O,-cost peak during high-intensity
exercise (Bailey et al., 1985). Inorganic nitrate also delays
fatigue and improves endurance in athletes during exer-
cise. These beneficial effects have been observed in a
variety of sports and exercises, including running, knee
extension, desert marching, kayaking, and rowing (Jones
et al,, 2018). In addition, there is preliminary evidence
that nitrate supplementation is conducive to post-
exercise recovery (Clifford et al., 2016). These effects of
nitrate are weakened in well-trained athletes, partly be-
cause of their higher resting plasma nitrate and nitrite
levels (Arnold et al.,, 2015). The mechanism by which ni-
trate improves exercise performance remains unclear. It
has been suggested that nitrate can reduce the energy
cost of producing ATP and thus reduce the O,-cost
(Evangelista et al., 2010). Another hypothesis is that ni-
trate supplementation may ameliorate mitochondrial
oxygenation and reduce proton leakage (Wilson, 1994).
In addition, nitrate is associated with the upregulation of
muscle calcium-processing capacity (Herndndez et al.,
2012) and boosting of blood flow, thus enhancing
muscle contraction and oxygen delivery capacity (Fergu-
son et al., 2013).

3.2 Digestive system protection

Inorganic nitrate also plays a protective role in the di-
gestive system. First, nitrate is reduced to nitrite by oral
bacteria and then to NO by the gastric juice, thus enhan-
cing the antimicrobial effect of gastric juice. Nitrite-rich
saliva significantly increased NO levels in the stomach,
thus suppressing E. coli and C. albicans numbers (Bjorne
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et al., 2006). On the other hand, by increasing gastric
mucosal blood flow and mucus thickness, nitrate allevi-
ates intestinal damage and ulceration caused by non-
steroidal anti-inflammatory drugs and stress (Jadert
et al,, 2014; Jin et al., 2013). These effects were also likely
mediated by NO, because no similar beneficial effect was
observed in germ-free mice, indicating that nitrate-
reducing bacteria were needed in this process. In
addition, in the water-immersion restraint stress model,
nitrate pretreatment (5 mmol/L. NaNOj;) alleviated
stress-induced gastric injury in rats by restoring gastric
mucosal blood flow and NO levels. This result suggests
that nitrate is a promising candidate for alleviating pep-
tic ulcers under stressful conditions (Jin et al., 2013).
Salivary glands, as part of the digestive system, are
also involved in the protective effects of nitrate. The
secretion of nitrate by the salivary glands is associated
with external stimuli; music was found to increase the
saliva secretion of volunteers and promote the forma-
tion of nitrite in saliva (Jin et al.,, 2018). This mechan-
ism may be beneficial under stressful conditions. The
total amount of nitrate and nitrite in the saliva of
volunteers increased significantly after bungee jump-
ing, which was helpful in mitigating gastrointestinal
damage after stress (Jin et al,, 2013). In addition, ni-
trate can mediate the function of the salivary glands.
In a rat model of hyposalivation induced by ovariec-
tomy, 3 months of NaNOj treatment increased the
salivary flow rate and improved the atrophy and fi-
brosis of the submandibular gland (Xu et al., 2018).

3.3 Alleviating senescence

Aging is often accompanied by a decrease in NO bio-
activity, which is associated with a series of age-related
diseases, including cardiovascular disease and metabolic
dysfunction. Human studies have shown that nitrate
levels decline with age (Toprakgi et al., 2000), suggesting
endothelial function injury and a decrease in endogen-
ous levels. Moreover, compared with younger volunteers,
lower plasma nitrite concentrations were found in older
subjects after dietary nitrate consumption, confirming a
decline in exogenous NO bioavailability in the elderly. A
decline in nitrate levels along with liver degeneration
was observed in D-galactose-induced aged mice and nat-
urally aged mice. Daily nitrate supplementation signifi-
cantly restored nitrate levels in plasma and prevented
cellular and structural senescence along with glucose-
and lipid-metabolism degeneration in the liver. These
findings suggest that inorganic nitrate has the potential
to prevent senescence-related liver degeneration (Wang
et al., 2018). Moreover, nitrate deficiency may accelerate
aging and cause cardiovascular death. After up to 18
months of a low nitrite/nitrate diet, metabolic syndrome,
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endothelial dysfunction, and cardiovascular death were
observed in mice (Kina-Tanada et al., 2018).

3.4 Regulating microbial homeostasis

The gut and oral microflora are the most important
microbiomes of the human body. The microbial envir-
onment is involved in the regulation of various physio-
logical processes of the body, the imbalance of which
may cause systemic dysfunction, including cardiovascu-
lar disease, diabetes, systemic infections, and even cancer
(Sampaio-Maia et al., 2016; Sultan et al., 2021). Inor-
ganic nitrate can regulate the homeostasis of microor-
ganisms, thus producing a range of health-protective
effects. In high-fat diet (HFD)-induced obesity, inorganic
nitrate rebalances the gut microbiota and thus reduces
obesity in mice. Nitrate enhances the abundance of Bac-
teroidales and Alistipes (Ma et al., 2020), which are re-
ported to have protective effects against HFD-induced
non-alcoholic fatty liver disease (Tang et al., 2018). Dis-
order of gut microbiota homeostasis may also lead to in-
flammatory bowel disease. In mice loaded with dextran
sodium sulfate, nitrate pretreatment increased the abun-
dance of Lactobacillus, Ruminococcaceae, and Prevotella-
ceae, improved colon length, prevented apoptosis of
colonic epithelial cells, and alleviated inflammatory cell
infiltration in the colon and peripheral blood (Hu et al,,
2020). Inorganic nitrate appears to also play a protective
role in nonsteroidal anti-inflammatory drug-induced in-
jury by maintaining microbiota homeostasis. Another
study showed that dietary nitrate rebalances gut micro-
biome dysbiosis and partially prevents colon injury after
total body irradiation (Wang et al., 2020).

Inorganic nitrate is also involved in the regulation of
oral flora, which can have beneficial effects on systemic
health. Nitrate supplementation in drinking water sig-
nificantly altered the flora in the saliva of healthy volun-
teers, and the abundance of nitrate-reducing bacteria
was markedly increased (Sinha et al, 2021). These
changes may have additional effects; a larger nitrate-
reducing bacteria population can accelerate the nitrate-
nitrite-NO pathway and promote the NO-like benefit ef-
fect of nitrate. Nitrate treatment upregulated the propor-
tion of Rothia and Neisseria and reduced blood pressure
in healthy elderly participants (Vanhatalo et al., 2018)
(Fig. 2).

4 Disease prevention functions of inorganic
nitrate

4.1 Improving cardiovascular function

Organic nitrate drugs are widely used in the therapy of
hypertension, and their effects mainly depend on the
production of NO. As a supplementary source of NO,
the antihypertensive effect of inorganic nitrate has re-
ceived increasing attention. This effect of nitrate has
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been verified in a series of animal models of hyperten-
sion. In a hypertension model of rats with mono-
nephrectomy and a high-salt diet, supplementation with
NaNOj not only lowered blood pressure, but also allevi-
ated cardiac and renal fibrosis (Carlstrom et al.,, 2011).
Similarly, in another model of salt-induced hypertension
in Dahl salt-sensitive rats, nitrate reduced the effect of
salt loading on mean arterial pressure by 60% (Morris Jr.
et al,, 2019). The hypotensive effect of nitrate was also
observed in rats with high fructose-induced metabolic
syndrome (Essawy et al., 2014). In elderly adults with
prehypertension, systolic blood pressure (SBP) was re-
duced by 8 mmHg after 4 weeks of nitrate intake (Ram-
mos et al., 2014). After a single dose of dietary nitrate
via beetroot juice (3.3 mmol/205 mg NO;"), the average
blood pressure of 15 patients with hypertension de-
creased by 11/10 mmHg (Ghosh et al., 2013). Surpris-
ingly, the hypotensive effects of nitrates do not conflict
with those of traditional antihypertensive drugs. Beetroot
juice with nitrate (6.4 mmol/397 mg) significantly low-
ered clinical, home, and 24 h ambulatory blood pressure
in 32 hypertensive patients with and without medication
(Kapil et al., 2015).

The anti-hypertensive effect of dietary nitrate has also
been observed in healthy people. A meta-analysis of 34
studies including healthy subjects and patients with
hypertension indicated that inorganic nitrate intake sig-
nificantly reduced resting SBP by 4.80 mmHg and rest-
ing DBP by 1.74 mmHg. Compared with healthy people,
inorganic nitrate showed a more significant anti-
hypertensive effect in patients with hypertension. (Jack-
son et al., 2018). There is a explanation that exogenous
nitrate seemed to be more effective when NO availability
was reduced. A single dose of dietary nitrate (3.3 mmol
(205 mg) via beetroot juice reduced peak blood pressure
by 11/10mmHg in untreated hypertensive patients
(Ghosh et al., 2013). The same hypotensive effect could
be replicated in healthy volunteers only after a higher
concentration (22.5 mmol) of nitrate was administered
via beetroot juice (Webb et al., 2008). These results sug-
gest that hypertensive patients have a higher sensitivity
to inorganic nitrates, which means a lower threshold for
anti-hypertensive effects and a subsequent greater drop
in blood pressure (Kapil et al., 2020). The mainstream
viewpoint is that the antihypertensive effect of nitrate is
derived from the vasodilatation of NO. Cyclic guanosine
monophosphate (cGMP) is a sensitive marker of NO
production and bioactivity, and its concentration in the
circulation significantly increases after nitrate supple-
mentation, which indicates that the antihypertensive ef-
fect is induced by NO (Jackson et al., 2018). Another
study suggested that increased sensitivity to nitrate in a
model of spontaneous hypertension may be associated
with increased XOR expression (Laakso et al., 1998).
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NO deficiency is an important cause of both heart fail-
ure with reduced ejection fraction (HFrEF) and heart
failure with preserved ejection fraction (HFpEF) (van
Heerebeek et al., 2012). Nitrate and nitrite can play NO-
like roles and rescue cardiovascular function under con-
ditions of NO deficiency (Paulus & Tschope, 2013). Ex-
ogenous nitrite application has shown beneficial effects
in the hearts of many animals, including fish, amphib-
ians, and mammals. In these animals, nitrite improved
systolic and diastolic function, reduced left ventricular
pressure, and increased both stroke volume and work
per stroke (Angelone et al., 2012; Pellegrino et al., 2009).
Dietary nitrates showed similar benefits. In a mouse
model of doxorubicin-induced cardiac dysfunction,
NaNO; administration improved left ventricular systolic
pressure, end-diastolic pressure, and ejection fraction of
mice (Zhu et al, 2011). In addition, beetroot juice rich
in nitrate (1 mmol/kg) increased the resting blood flow

and vascular conductivity of rats with heart failure by
22% and 20%, respectively, and the improvement was
more obvious during exercise (Ferguson et al., 1985).
Similarly, dietary nitrate has shown beneficial effects
during exercise in patients with heart failure. Maximum
muscle speed and strength during exercise increased in
heart failure patients after ingestion of nitrate-
concentrated beetroot juice (Coggan et al., 2015). In
addition, there is also evidence that inorganic nitrate in-
take maintains ejection fraction during exercise (Zamani
et al, 2015) and enhances exercise tolerance in elderly
patients with heart failure (Eggebeen et al., 2016). This
result suggests that inorganic nitrate may be a promising
candidate for improving the quality of life of patients
with heart failure.

NO can reduce the adhesion, aggregation, recruitment,
and formation of platelet-leukocyte aggregates (Chung
et al, 2004; Radomski et al, 1987; Radomski et al,
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1990). Inhibition of platelet activity by inorganic nitrites
and nitrates was also observed. NaNO, and NaNOj; pre-
treatment inhibited platelet aggregation and prolonged
bleeding time. In the same study, opposite results were
observed in mice fed a low-nitrate diet (Park et al.,
2013). In patients with endothelial dysfunction and mild
hypercholesterolemia, 6 weeks of dietary nitrate supple-
mentation reduced platelet p-selectin expression and
leukocyte-platelet aggregation, which contributed to re-
ducing thrombosis (Velmurugan et al., 2016).

4.2 Regulating metabolic diseases

Inorganic nitrate may be involved in the regulation of
metabolic diseases. A long-term nitrate-reduced diet re-
sulted in a series of metabolic abnormalities in C57BL6
mice, including increased visceral obesity, dyslipidemia,
decreased glucose tolerance, and insulin resistance
(Kina-Tanada et al,, 2018). In mice with eNOS defi-
ciency, 8—10 weeks of NaNOj3 supplementation was as-
sociated with less body fat and weight loss in the mice,
as well as improved glucose homeostasis (Carlstrom
et al,, 2010). In another study, acute nitrate ingestion im-
proved insulin resistance and glucose clearance in ad-
enosine A2B-deficient mice (Peleli et al., 2015). In
addition, several independent studies have shown that
dietary nitrates can improve glucose tolerance and insu-
lin sensitivity (Essawy et al, 2014; Gheibi et al., 2017;
Khalifi et al., 2015; Li et al., 2016). There is also evidence
that inorganic nitrate promotes the conversion of white
adipose tissue to brown adipose tissue by activating the
nitrate-nitrite-NO pathway (Roberts et al., 2015). Data
suggests that nitrate plays an important role in metabol-
ism and may prevent diabetes and obesity. However,
these beneficial effects have not been replicated in hu-
man trials. Dietary nitrate intake for up to 2 weeks did
not improve insulin sensitivity in patients with type 2
diabetes (Gilchrist et al., 2014). The absence of a benefi-
cial function of nitrate in patients with type 2 diabetes
may be due to the use of metformin (Cabreiro et al.,
2013; Forslund et al., 2015). A recent review also sug-
gested that the difference in ascorbic acid metabolism
between humans and rodents may explain the lack of
beneficial effects of inorganic nitrate metabolism in pa-
tients with type 2 diabetes (Bahadoran et al., 2021).

4.3 Alleviating inflammatory conditions

Inflammation and oxidative stress are the main causes of
ischemia-reperfusion (IR) injury, and the protective ef-
fect of nitrite against this has been observed in a series
of animal models. Nitrite injection prior to ligation ef-
fectively reduces the size of the cardiac infarction in vivo
(Duranski et al.,, 2005; Gonzalez et al., 2008). Similar
protective effects have been observed in the study of ni-
trate in different organs. In a study of renal IR injury in
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mice, NaNOj3 administration for 2 weeks prior to ische-
mic injury reserved the glomerular filtration rate and
renal plasma flow (Yang et al., 2017). In addition, dietary
nitrate pretreatment alleviated hypoxia-induced mito-
chondrial dysfunction and oxidative stress in rats by up-
regulating L-arginine levels in tissues and reducing
cardiac arginase expression (Ashmore et al., 2014). In a
recent study, nitrate pretreatment alleviated hepatic IR
injury in mice by activating the NRF2 pathway and
modulating oxidative stress (Li et al., 2021a). In healthy
volunteers, temporarily blocking forearm blood flow
caused transient endothelial dysfunction in the forearm
and significantly reduced brachial artery flow-mediated
dilation (by 60%). The damage was prevented in volun-
teers who had been given nitrates beforehand, suggesting
that nitrate may prevent IR injury in humans (Webb
et al.,, 2008).

Dietary nitrates can induce anti-inflammatory effects in
a variety of conditions by modulating the levels of inflam-
matory factors. In a mouse model of atherosclerosis, inor-
ganic nitrate supplementation increased the levels of IL-
10, an anti-inflammatory factor, in plaques (Bakker et al.,
2016), and there was also evidence that inorganic nitrate
supplementation was associated with an increased propor-
tion of collagen expression in plaques, suggesting that ni-
trate may be effective in reducing inflammation within
plaques (Stefanadis et al, 2017). In another study of dia-
betic rats, after NaNOj; supplementation for 8 weeks, the
expression of iNOS was decreased in the soleus muscle
and epididymal adipose tissue (Gheibi et al., 2018). More-
over, dietary ingestion of cooked or raw beetroot for 2
weeks was associated with a decline in systemic inflamma-
tion and biomarkers of endothelial dysfunction in healthy
individuals, including ICAM-1, VCAM-1, E-selectin, IL-6,
hsCRP, and TNF-a (Asgary et al., 2016). The protective ef-
fect of nitrate through the inhibition of leukocyte recruit-
ment has been demonstrated in a variety of inflammatory
models. For example, CXCL2 perfusion can induce
leukocyte recruitment and promote leukocyte adhesion
and migration. These effects were alleviated by intraven-
ous injection of NaNO, 1h before CXCL2 perfusion. In
the same study, a one-week treatment with NaNOj3 (10
mmol/L) in drinking water also reduced baseline
leukocyte rolling and reduced leukocyte adhesion and mi-
gration induced by CXCL2 perfusion (Jadert et al., 2012).
In addition, the anti-leukocyte effects of nitrate were also
observed in sodium glucan sulfate-induced colitis in rats
(Jadert et al., 2014; Ohtake et al., 2010), intestinal obstruc-
tion in mice (Cosyns et al., 2015), and chlorine-induced
lung injury in rabbits (Samal et al., 2012).

4.4 Preventing post-radiation injury
Radiotherapy and chemotherapy are commonly used as
adjuvant therapies for cancer, but their side effects may
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seriously affect quality of life; reducing the side effects of
treatment has always been a major challenge in the
treatment of cancer. Reactive oxygen species (ROS) and
oxidative stress are important factors in radiation injury
(Tominaga et al., 2004). Evidence suggests that inorganic
nitrates help mitigate radiation damage by reducing oxi-
dative stress. In a mouse model of total body irradiation,
nitrate in drinking water effectively restored the levels of
red blood cells, leukocytes, and platelets in the periph-
eral blood by lowering ROS levels and reducing apop-
tosis (Chang et al, 2019). In addition, nitrate
supplementation reduced the decline in salivary flow
rate by preventing damage to acinar cells and micro-
vascular endothelial cells, and alleviated weight loss in-
duced by IR. Nitrate has been suggested to inhibit
pyroapoptosis mediated by the NLPR3 inflammasome,
and to reduce ROS production, thus maintaining mito-
chondrial homeostasis (Li et al., 2021b). The protective
effect of nitrate has also been confirmed in larger mam-
mals and in human parotid gland cells. Nitrate increased
the expression of sialin in the parotid glands of mini-
ature pigs, which could facilitate nitrate influx into cells,
promote the regeneration of salivary gland cells, and re-
duce apoptosis (Feng et al, 2021a). In addition to its
protective effects in radiation therapy, nitrate also has
benefits in chemotherapy. Cisplatin is used as a chemo-
therapeutic drug for oral squamous cell carcinoma
(OSCC). However, the activation of REDD1 and AKT
can suppress the sensitivity of tumor cells, thus reducing
the efficacy of cisplatin. In a recent study, inorganic ni-
trate reduced the expression of REDD1 and suppressed
the activation of AKT signaling, thus increasing the sen-
sitivity of OSCC cells to cisplatin (Feng et al., 2021b).
These beneficial effects suggest that inorganic nitrates
hold good potential in alleviating the side effects of
radiotherapy and improving the quality of life of patients
(Fig. 2).

5 Mechanisms of beneficial effects of inorganic
nitrate

NO is an important gaseous signaling molecule that is
involved in the regulation of many physiological pro-
cesses, including the stimulation of reparative angiogen-
esis and reduction of oxidative stress (Gluvic et al., 2020;
Sengupta et al., 2004; Sessa, 2009). The classical pathway
of NO synthesis is mediated by NOS, which is aerobic.
Reduction in NO bioavailability or bioactivity is associ-
ated with a variety of systemic diseases. The nitrate-
nitrite-NO pathway is a powerful parallel pathway to the
classical NO pathway and can be seen as a backup sys-
tem to ensure continued NO supply when the O,-
dependent NOS may be dysfunctional. In other words,
under pathological conditions dominated by regional
and systemic ischemia, nitrate and nitrite in food can
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serve as an effective reserve source of NO (Bryan & Ivy,
2015).

The free radical nature of NO is the basis for its role
in physiological signaling (Weitzberg & Lundberg, 2013;
Lundberg et al., 2015). Guanylyl cyclase (GC) is one of
the main intracellular receptors of NO. NO can activate
GC in various cell types, such as smooth muscle cells,
circulating platelets, and leukocytes (Ghimire et al,
2017). Activated soluble GC further enhances the pro-
duction of the second messenger cGMP, which in turn
relaxes smooth muscle cells and inhibits adhesion of
platelets and leukocytes (Ghimire et al., 2017; Carlstréom
et al, 2018). NO also controls multiple intracellular
functions, such as mitochondrial function, ROS produc-
tion, and other signal transduction pathways (Ghimire
et al, 2017). Research has shown that through the
nitrate-nitrite-NO pathway, nitrate and nitrite can also
activate GC-cGMP signaling and play an NO-like role in
several physiological and pathological conditions (Rau-
benheimer et al., 2019). GC-1 inhibitors block the vaso-
dilation of nitrite in rodents and pigs, suggesting that
the vasodilation of nitrite may be mediated by the NO-
GC pathway (Botden et al., 2012).

With the development of numerous studies, there is
increasing evidence showing that nitrate has a protective
effect on salivary glands and other organs by regulating
the expression of sialin. Under hypoxic or acidic condi-
tions, NO synthesis primarily occurs via the nitrate-
nitrite-NO exogenous pathway. Remarkably, irradiation
induced a hypoxic and acidic environment in salivary
glands. By inducing a prolonged increase in blood flow
(Lundberg et al., 2008) and by increasing gland micro-
vascularization, dietary nitrate supplementation resulted
in NO production and reduced hypoxia, which was
beneficial for the production of saliva by acinar cells. In
addition, nitrate-mediated NO formation also increased
sialin expression and upregulated the EGFR-AKT-
MAPK signaling pathway (Feng et al., 2021a). These
classical pathways are responsible for promoting cell
proliferation, maintaining cell survival, and preventing
apoptosis (Sabbah et al., 2020; Sun et al., 2015; Zhang
et al., 2011). A recent study demonstrated a nitrate-sialin
feedback loop in vivo, using a miniature pig model, and
in vitro, using human parotid gland cells (hPGCs); ni-
trate increased sialin expression, and sialin facilitated ni-
trate influx into cells. The study showed that sialin-
mediated nitrate transport plays a critical role in main-
taining the proliferation and survival of parotid gland
epithelial cells and preventing IR damage and that sialin
acts as a nitrate transporter. Preventive nitrate adminis-
tration increases sialin expression, promotes acinar and
ductal cell proliferation, and reduces apoptosis via the
EGFR-AKT-MAPK signaling pathway (Feng et al,
2021a) (Fig. 3).
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Fig. 3 The protective effect of nitrate by regulation of sialin. Inorganic nitrate has a protective effect on salivary glands and other organs by
regulating the expression of sialin. Dietary nitrate supplementation increases sialin expression and upregulates EGFR-AKT-MAPK signaling pathway.
These classical pathways are responsible for promoting cell proliferation, maintaining cell survival, and preventing apoptosis. In addition, the
upregulation of sialin boosts nitrate influx into cells, indicating that there is a positive feedback loop between nitrate and sialin, which can further
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S-nitrosothiols can be obtained by nitrosation of thiol
groups, such as cysteine residues in proteins. S-
nitrosation is considered a mechanism of post-
translational dynamic regulation of proteins (Evangelista
et al,, 2010). Evidence shows that nitrite can effectively
induce heme nitrosylation and S-nitrosation in mammals
to participate in signal regulation in a different way from
NO (Kapil et al., 2020). In addition, nitrate derived S-
nitrosothiol formation can modulate inflammation, re-
duce reactive oxygen species formation by inhibiting
mitochondrial respiration, and activate cyclic GMP-
dependent signaling under anoxia (Lundberg et al,
2008).

6 Advantages and safety of inorganic nitrate

There are numerous advantages of inorganic nitrate
compared with traditional organic nitrate drugs. On the
one hand, there are some concerns about the use of or-
ganic nitrates, such as side effects of headache and pos-
tural hypotension (Tarkin & Kaski, 2016). In contrast,
inorganic nitrates are less likely to cause symptomatic
hypotension or syncope (Kapil et al., 2020). In addition,
long-term use of organic nitrates not only leads to a de-
cline in potency, but may also lead to endothelial dys-
function and increased long-term cardiovascular risk
(Tarkin & Kaski, 2016). These side effects were not ob-
served upon treatment with inorganic nitrates/nitrites;
conversely, the potential to restore NO availability and
improve endothelial dysfunction has been reported (Pau-
lus & Tschope, 2013). Moreover, the antihypertensive ef-
fect of nitrate was observed even after 1 year of

inorganic nitrate supplementation, proving that inor-
ganic nitrate has no tolerance effect like organic nitrate
(Miinzel et al., 2005).

In terms of the safety of inorganic nitrate, there is con-
cern about nitrate-derived nitrite in the metabolic
process. Hemoglobin can be oxidized to methemoglobin
by nitrite, thus causing methemoglobinemia. Neverthe-
less, current evidence suggests that nitrate supplementa-
tion is not associated with elevated metHb levels (Kapil
et al.,, 2015; Velmurugan et al., 2016). Another concern
about the safety of nitrates is that in the acidic environ-
ment of the stomach, nitrates may produce nitrosa-
mines, which have been reported to be associated with
esophageal, gastric, colon, and other cancers (Bedale
et al,, 2016). Nitrite from dietary intake or reduction by
oral bacteria can be protonated into nitrous acid in the
stomach and produce highly oxidizing nitrous oxide,
which can further nitrosate secondary or tertiary amines
and eventually form nitrosamines (Kapil et al., 2020).
However, a report by the International Agency for Re-
search on Cancer suggests that there is insufficient evi-
dence to link dietary nitrate to overall cancer (IARC
monographs on the evaluation of carcinogenic risks to
humans, 2010). Actually, the nitrate/nitrite concentra-
tions used for treatment are far below the risk level, and
nitrosamine production is inappreciable enough to en-
sure negligible carcinogenic risk (Lundberg et al., 2008).
Moreover, dietary nitrates seem to play a protective role
in the risk of stomach cancer (IARC monographs on the
evaluation of carcinogenic risks to humans, 2010). Ni-
trates are highly concentrated in green leafy vegetables
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and vegetable-rich diets. Vegetable components such as
polyphenols, vitamin C, and vitamin E can inhibit the
formation of carcinogenic nitrosamines, suggesting that
dietary nitrate supplementation through vegetables is a
safe method (Milton-Laskibar et al., 2021).

7 Conclusion

In recent years, an increasing number of studies have
shown that nitrate plays an important physiological role
in the human body. As a part of the daily diet, inorganic
nitrate is mainly consumed in green leafy vegetables. Ni-
trate not only affects enzymatic NO, but also plays im-
portant physiological roles through the non-enzymatic
NO pathway. Inorganic nitrate has been shown to be an
exogenous alternative to biological NO. Dietary nitrate
has potential positive effects on health and disease, in-
cluding improving muscle function, maintaining micro-
bial homeostasis, regulating vascular tension, anti-
oxidizing, inhibiting the release of inflammatory factors,
and regulating glucose metabolism. Sialin, functioning as
a nitrate transporter, plays an indispensable role in vari-
ous physiological functions. Nitrate-sialin may provide
the biological basis for homeostasis medicine in health
and diseases. More biological functions and mechanisms
of nitrate remain to be elucidated. Inorganic nitrate re-
search is still in the pre-clinical stage, and nitrate has
not been used as the main treatment method at present.
The mechanism and effective dose of nitrate therapy are
not entirely clear. Through reasonable design of dosage
form, the beneficial effect of nitrate can be utilized to a
greater extent. With further research, nitrate, as an easily
available nutrient, is a promising candidate for health
promotion and disease prevention.
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